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Abstract
Recent studies have shown that runaway thermonuclear burning of material accreted onto neutron
stars, i.e. Type I X-ray bursts, may affect the accretion disk. We investigate this by performing a
detailed time-resolved spectral analysis of the superburst from 4U1636–536 observed in 2001 with the
Rossi X-ray Timing Explorer. Superbursts are attributed to the thermonuclear burning of carbon, and
are approximately 1000 times more energetic than the regular short Type I bursts. This allows us to
study detailed spectra for over 11 ks, compared to at most 100 s for regular bursts. A feature is present
in the superburst spectra around 6.4 keV that is well fit with an emission line and an absorption edge,
suggestive of reflection of the superburst off the accretion disk. The line and edge parameters evolve
over time: the edge energy decreases from 9.4 keV at the peak to 8.1 keV in the tail, and both features
become weaker in the tail. This is only the second superburst for which this has been detected,
and shows that this behavior is present even without strong radius expansion. Furthermore, we find
the persistent flux to almost double during the superburst, and return to the pre-superburst level
in the tail. The combination of reflection features and increased persistent emission indicates that
the superburst had a strong impact on the inner accretion disk, and it emphasizes that X-ray bursts
provide a unique probe of accretion physics.
Subject headings: accretion, accretion disks — stars: neutron — stars: individual: 4U 1636-536 —
X-rays: binaries — X-rays: bursts
1. INTRODUCTION
Superbursts are energetic X-ray flares observed
from accreting neutron stars in low-mass X-ray bina-
ries (Cornelisse et al. 2000; Strohmayer & Brown 2002).
They are attributed to the runaway thermonuclear
burning of carbon in the ashes layer of many short
Type I X-ray bursts (e.g., Cumming & Bildsten 2001;
Cooper et al. 2009). Only 23 superbursts have been
detected thus far (e.g., Keek et al. 2012; Negoro et al.
2012), some of which are only candidates, as the start
of the burst is often not observed, which makes it
difficult to constrain the flare’s parameters and con-
firm the thermonuclear origin. Most superburst ob-
servations have been performed with wide-field instru-
ments with limited spectral resolution and collecting
area. The highest quality data available is for two super-
burst observations with the Proportional Counter Ar-
ray (PCA) on board the Rossi X-ray Timing Explorer
(RXTE ). One of these superbursts, from 4U 1820–30
(Strohmayer & Brown 2002), was exceptionally power-
ful. It exhibits superexpansion during two phases of
the superburst, and it has the longest period of moder-
ate photospheric radius expansion (PRE) of any known
X-ray burst (in ’t Zand & Weinberg 2010; Keek 2012).
Detailed spectral analysis found the presence of reflec-
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tion features in the spectrum (Ballantyne & Strohmayer
2004), where part of the emission from the neutron star
surface is thought to be reflected from the accretion disk.
This allowed for the study of changes of the accretion
disk properties during an X-ray burst, which may be in-
terpreted as the disk receding and subsequently return-
ing to its original configuration. Reflection features have
also been detected from neutron stars outside of bursts
(e.g., Bhattacharyya & Strohmayer 2007; Cackett et al.
2008; Miller et al. 2013). Normal X-ray bursts last too
short a time to collect enough photons to detect reflection
features with current instrumentation (for constraints
on the effect on the continuum for one of the brightest
bursts, see in ’t Zand et al. 2013).
4U 1636–536 is a prolific burster, that exhibits
a wide range of bursting behavior including both
bursts with and without PRE (e.g., Hoffman et al.
1977; Galloway et al. 2008), burst oscillations
(Strohmayer et al. 1998), short recurrence time bursts
(Galloway et al. 2008; Keek et al. 2010), mHz QPOs
(Revnivtsev et al. 2001; Altamirano et al. 2008),
double- and triple-peaked bursts (van Paradijs et al.
1986; Bhattacharyya & Strohmayer 2006; Zhang et al.
2009), and four superbursts (Wijnands 2001;
Strohmayer & Markwardt 2002; Kuulkers 2009). One
superburst was observed with the PCA. Pulsations at
the neutron star spin frequency were detected near the
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peak of the superburst (Strohmayer & Markwardt 2002).
Preliminary results of the spectral analysis show that
its peak flux and its fluence are within the range that
is typical for most known superbursts (Kuulkers et al.
2004; Kuulkers 2004), such that it may be classified as a
‘typical’ superburst, whereas 4U1820–30’s superburst is
exceptional. The start of the superburst was observed,
including a brief double-peaked precursor, although the
data quality is insufficient to establish the presence of
PRE (Keek 2012).
The classical approach to the spectral analysis of X-ray
bursts and superbursts is to assume that the spectrum
produced by the accretion process persists throughout
the burst, i.e. the ‘persistent’ spectrum is unchanged.
This spectrum is determined from a time interval prior
to the burst, which serves as the background during the
burst. The remainder of the spectrum is assumed to
originate exclusively from the neutron star surface, and is
typically well-fit by a black body with interstellar absorp-
tion (Swank et al. 1977; Kuulkers et al. 2002a), although
small deviations may be apparent in high quality spec-
tra (e.g., van Paradijs & Lewin 1986). A recent analy-
sis of a large number of PRE bursts observed with the
PCA, however, finds indications that the persistent spec-
trum is not constant, but has an increased normalization
during the burst (Worpel et al. 2013; in ’t Zand et al.
2013). One explanation is Poynting-Robertson drag
(e.g., Walker 1992): the photons emitted by the neutron
star surface transfer momentum to the disk, reducing its
angular momentum, allowing for more material to fall
in, which increases the flux generated by the accretion
process. Furthermore, stacking large numbers of X-ray
bursts reveals that the high energy (& 30 keV) flux is
significantly reduced during bursts, which is suggested
to indicate the cooling of a corona (Maccarone & Coppi
2003; Chen et al. 2012, 2013; Ji et al. 2014).
In this paper we present the detailed spectral analysis
of the superburst observed with the PCA from 4U 1636–
536. This superburst’s behavior is a better representa-
tion of the typical superburst than 4U 1820–30, and we
investigate whether reflection features are present even
for less powerful bursts. Furthermore, we investigate
changes in the persistent flux during the superburst.
2. OBSERVATIONS
On 2/22/2001 a superburst was observed from
4U1636-536 with all instruments on RXTE (Bradt et al.
1993). This space-based X-ray observatory was launched
in December 1995, and operated until January 2012.
Its instrumentation consists of the PCA (Jahoda et al.
2006), the High Energy X-ray Timing Experiment
(HEXTE; Rothschild et al. 1998), and the All-Sky Mon-
itor (ASM; Levine et al. 1996). The PCA consists of five
proportional counter units (PCUs), that are sensitive to
X-ray photons in the 2 to 60 keV range, and have a com-
bined collecting area of 6500 cm2. During an observation
only a subset of these five may be active. The combi-
nation of its energy band and large collecting area make
the PCA the optimal instrument to study the superburst.
The ASM, although its energy band overlaps, has a sub-
stantially smaller effective area. ASM data is, therefore,
not included in this study.
HEXTE consists of two clusters of Phoswich detectors
with a band-pass of 15 to 250 keV and an effective area of
800 cm2 per cluster. During an observation the clusters
alternately point on and off source, such that the source
is always observed by one cluster, while the other mea-
sures the high-energy background. The HEXTE light
curve of this superburst has been previously presented
by Kuulkers et al. (2010). We will briefly mention how
the HEXTE spectral data compares to PCA data, but
our analysis will focus on the latter. We extract HEXTE
spectra from Standard 2 data for each cluster, separat-
ing the on-source and off-source pointings. We check that
no bright X-ray source was present in the field of view
at the off-source positions. Using the tool hxtdead, we
correct for ‘dead time’: the reduction of the exposure by
the time that the on-board electronics takes to process a
detected event. During the analysis, the off-source spec-
trum is subtracted as a background from the on-source
spectrum.
Due to an overflow of the on-board data buffer
some data products were lost, most notably the high
time resolution PCA data at the superburst onset
(Strohmayer & Markwardt 2002). Throughout the en-
tire superburst Standard 1 and 2 data products are avail-
able. The former has a time resolution of 1
8
s, but no spec-
tral information, whereas the latter has a time resolution
of 16 s and 129 energy channels. From the Standard 1
light curve we find that, apart from the very start of the
superburst, the Standard 2 time resolution is sufficient
for our purposes.
The superburst observation lasted 4 subsequent RXTE
orbits (Obs IDs 50030-02-08-01 and 50030-02-08-02), and
is interrupted by 3 data gaps due to Earth occulta-
tions. For time-resolved spectroscopy during the first
2 orbits we choose a time resolution of 64 s, which in-
creases the statistics of the spectra over the maximal
resolution of 16 s, while still providing sufficient sampling
of the changes in the spectral parameters with time (see
also Strohmayer & Brown 2002). In the last 2 orbits the
count rate per PCU is lower by over a factor 4 compared
to the peak. We increase the time resolution to 128 s to
obtain spectra with similar statistics. This resolution is
still sufficient to follow the changes with time, because
in this part of the superburst tail the decay of the light
curve has slowed down.
We extract spectra from data in the 3 to 20 keV energy
range, which is well calibrated, whereas at higher ener-
gies the instrument background dominates, and uncer-
tainties in the background modeling may be substantial
(Jahoda et al. 2006). Different combinations of PCUs
were active during the different orbits. We use PCUs 0,
2, and 3, which were on during all four orbits. Using
the procedure recommended by the instrument team,1
we correct for dead time. Furthermore, we group neigh-
boring channels if the number of counts of a channel is
less than 15, ensuring that χ2 statistics are applicable.
We use the tool pcabackest to model the instrument
background, which is based on blank-sky observations
and takes into account a possible particle background
from prior passage through the South Atlantic Anomaly.
We generate one background spectrum per orbit. The
background is, however, expected to change somewhat
during an orbit (Jahoda et al. 2006). In tests where we
generate a background for each 64 s or 128 s time interval,
1 http://heasarc.gsfc.nasa.gov/docs/xte/recipes/pcadeadtime.html
Characterizing the Evolving X-Ray Spectral Features During a Superburst from 4U1636–536 3
the results of our analysis did not change significantly, be-
cause the orbital variability is strongest & 20 keV, which
is outside the considered energy range. We give prefer-
ence to the single background spectrum per orbit, be-
cause the background model uses the anti-coincident sig-
nals, and its relative error is reduced when a longer time
interval is used.
Spectral analysis is performed with XSPEC version
12.8.1 (Arnaud 1996). A 0.5% systematic uncertainty
is added in quadrature to the errors in the data points of
the spectra, to take into account uncertainties in the re-
sponse (Jahoda et al. 2006). The reported uncertainties
are at 1σ.
At the start of the observation, the spacecraft was slew-
ing. We only consider data from the time when the final
pointing was reached. This is of no consequence to our
analysis, because the source appeared to have a constant
photon flux during and directly after the slew. We define
the time t = 0 at MJD 51962.702069.
Finally, near the peak of the superburst, oscil-
lations have been detected with an amplitude of
1% at the neutron star’s spin frequency of 581.9Hz
(Strohmayer & Markwardt 2002). This suggests an in-
homogeneity in the heating of the star’s surface. Because
we integrate spectra over much longer time intervals than
the spin period, and because of the small amplitude, we
do not expect the oscillations to significantly alter the
spectral shape.
3. RESULTS
First we follow the classical approach to X-ray burst
and superburst spectroscopy by subtracting a persistent
spectrum and fitting the net spectrum with an absorbed
black body. Next we attempt to improve the spectral fits
by investigating a changing persistent spectrum as well
as emission and absorption features.
3.1. Persistent emission: fit to pre-superburst orbit
We investigate the persistent flux in the orbit immedi-
ately prior to the superburst observation. In this or-
bit the count rate is comparable to that at the end
of the superburst tail. We extract a spectrum us-
ing data from the entire orbit. First we fit a cut-
off power law model that depends on energy, E, as
KplE
−Γe−E/Ecutoff with normalization Kpl, photon in-
dex Γ, and a high-energy exponential cutoff at Ecutoff
(model cutoffpl in XSPEC). We include photoelectric
absorption using the vphabs model and fix its parame-
ters, including the hydrogen column NH, to the mean of
the best fit values of Pandel et al. (2008) (Table 1; abun-
dances relative to Wilms et al. 2000; cross sections from
Balucinska-Church & McCammon 1992). The best fit
has for the goodness of fit per degree of freedom χ2ν = 3.4.
Including a black body component at lower energies
does not substantially improve the fit, nor does allow-
ing NH to vary. Including a (smeared) absorption edge
gives χ2ν = 1.5 with an apparent feature in the fit resid-
uals around 6.4 keV. Including instead a Gaussian emis-
sion line with centroid energy Eline, width σline, and nor-
malization Kline yields χ
2
ν = 0.75 without strong fea-
tures in the residuals. When NH is allowed to vary in
the latter model with a Gaussian, we find χ2ν = 0.73
and a vanishingly small value for NH that is consis-
tent with 0 within its 1σ uncertainty. Therefore, we
TABLE 1
Best fit to pre- and post-superburst persistent
spectruma
pre-superburst post-superburst
Obs Id 50030-02-08-00 50030-02-08-03
vphabs fixed (Pandel et al. 2008)
NH (10
22cm−2) 0.379
O 1.29
Ne 1.4
Si 1.5
Fe 1.48
cutoffpl
Γ 1.06± 0.02 1.22± 0.02
Ecutoff (keV) 4.80± 0.06 5.03± 0.07
Kpl (c s
−1 cm−2 keV−1) 1.24± 0.02 1.65± 0.03
F3−20 (10−9erg s−1 cm−2) 4.520 ± 0.006 4.693± 0.007
F0.03−100 (10−9erg s−1 cm−2) 9.037 ± 0.010 10.8± 0.2
gaussian
Eline (keV) 6.67± 0.13 6.8± 0.2
σline (keV) 0.87± 0.14 0.8± 0.2
Kline (10
−3c s−1 cm−2 keV−1) 4.3± 0.8 2.9± 0.9
Equivalent width (keV) 0.10± 0.02 0.07± 0.02
χ2
ν
(degrees of freedom) 0.75 (33) 0.79 (33)
a See Section 3.1 for a description of the model components and
their parameters
choose vphabs(cutoffpl+gaussian) with NH fixed to
the mean value from Pandel et al. (2008) as our fidu-
cial model for the persistent spectrum (Table 1). This
model is consistent with the best fit model found in other,
broad-band studies (Pandel et al. 2008; Lyu et al. 2014,
see Section 4.1). With this model we determine the un-
absorbed flux of the cut-off power law component both
in the 3 to 20 keV energy band, F3−20, and extrapolated
to the 0.03 to 100 keV band, F0.03−100, as a measure of
the bolometric flux (Table 1). The Gaussian line has an
equivalent width of 0.10± 0.02 keV.
Simultaneous fits of the PCA and HEXTE data give
results consistent with PCA-only fits. The HEXTE spec-
tra confirm the cut-off power law continues in the energy
range 15 − 35 keV. At higher energies the number of
counts is rather low and the background dominates the
spectrum; no significant deviation from the cut-off power
law is observed at these energies.
Using the same model we also analyze the spectrum of
the orbit that starts 8 hours after the superburst onset.
The flux is close to 4% higher than the pre-superburst
flux.
3.2. Classic superburst spectral fits
Extracting spectra every 64 s in the first two and 128 s
in the last two orbits, we follow the common approach
of deriving the net superburst spectra by subtracting
the pre-superburst persistent spectrum. To this we fit
a black body with temperature kT and normalization
Kbb ≡ R
2d−2, with radius of the emitting area R in
km and distance d in units of 10 kpc (XSPEC model
bbodyrad), and we take into account interstellar absorp-
tion as described in the previous section. The best fit
has an average χ2ν of χ
2
ν = 8.1 in the first orbit where
the data quality is highest. There is a strong feature in
the fit residuals around 7 keV, and the high-energy tail
has a higher flux compared to the best fit black body
(Figure 1a).
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Fig. 1.— From spectral fits to a 64 s spectrum at t = 1600 s,
the fit residuals in units of the uncertainty of each data point,
σ, for several models: a: absorbed (fixed NH) black body with
pre-superburst persistent spectrum subtracted; b: model a with
variable normalization of persistent flux; c: b + Gaussian emission
line; d: b + absorption edge; e: b + line and edge; f : e + variable
NH. For each model we indicate χ2ν : the mean χ
2
ν
in the first orbit.
3.3. Variable persistent flux and features in the first
orbit
To investigate improvements to the spectral fits, we
start by considering the first orbit, where the count rate
and data quality are highest. We no longer subtract the
persistent spectrum. Instead, we subtract a modeled in-
strumental background, and include in the fits the per-
sistent spectral model (Table 1) in addition to a black
body. The parameters of the persistent model, a cut-off
power law, are fixed to the pre-superburst best-fit val-
ues, with the exception of Kpl (similar to the approach
by Worpel et al. 2013). Also, we leave out the Gaussian
emission line from the persistent model, as it is unde-
tectable in the short time intervals during the burst. The
best fit improves: χ2ν = 4.1, and the excess at high en-
ergies is reduced. The feature around 7 keV, however,
remains (Figure 1b). Allowing more parameters of the
cut-off power law to vary during the fit further improves
χ2ν , but competition between the power law and the black
body components leads to large uncertainties in the fit
parameters. We, therefore, choose to keep all cut-off
power law parameters fixed except Kpl.
Inspired by previous studies (Strohmayer & Brown
2002; Ballantyne & Strohmayer 2004), we investigate
the ∼ 7 keV feature’s interpretation as a reflection line
and/or an absorption edge. We employ as additional
model components a gaussian and an edge. Note that
we consider this Gaussian to be different from the one
in the pre-superburst spectrum, and scale it indepen-
dently from the cut-off power law. When the param-
eters of these components are left unconstrained, the
line and edge may ‘drift’ away from the location of the
feature and compete with the two continuum compo-
nents. We, therefore, restrict certain parameters to a
physically motivated range: the Gaussian line’s energy
to 6.3 keV ≤ Eline ≤ 7.0 keV and width σ = 0.2 keV, and
the edge energy to 7.0 keV ≤ Eedge ≤ 9.5 keV. Note that
if we allow the Gaussian’s width to vary freely, it will
fit to the continuum instead of the feature. Because of
the limited spectral resolution, the precise value of σ is
of little consequence to the best-fit values of the other
parameters. Furthermore, we analyze spectra in chrono-
logical order, and use the best fit values of the previous
interval as starting values for the fit of the next interval,
such that we can follow changes over time even when the
significance of these features is reduced in the superburst
tail.
Including either the Gaussian line (Figure 1c) or the
edge (Figure 1d) improves the fit: χ2ν = 2.4 and χ
2
ν = 1.7,
respectively. Features remain, however, in the residuals.
Adding both components reduces these features and fur-
ther improves the fit: χ2ν = 1.5 (Figure 1e).
The most pronounced remaining issue in the residuals
is at the lowest energies E . 5 keV. Allowing NH of
the absorber to vary, removes this: χ2ν = 1.2. There
are no more significant features visible in the residuals
(Figure 1f). The measured distribution of the χ2 values
of all time bins in the first orbit is consistent with the
theoretical χ2 distribution for perfect fits.
In conclusion, the spectra in the first orbit are
well described by the combination of an absorbed
black body and cut-off power law, where the shape
of the cut-off power law is fixed to the pre-
superburst persistent values, whereas its normaliza-
tion is left free. In addition, a Gaussian, an ab-
sorption edge, and increased values of NH describe
spectral features at lower energies. We apply this
model (vphabs*edge(cutoffpl+bbodyrad+gaussian)
in XSPEC) to all spectra from the entire superburst (Fig-
ure 2 left).
Comparing Kline from the pre-superburst spectrum to
the weighted mean from the first superburst orbit, the
latter is larger by a factor 3.0 ± 0.6. Given that the
spectra during the superburst have fewer counts than
the pre-superburst spectrum, this justifies our choice to
include only one (dominant) Gaussian line in our model.
The first 80 s of our data shows a plateau of enhanced
flux (Figure 2 top left), which we include in our fits.
Attempting a fit with only an absorbed cut-off power
law, similar to the pre-superburst fits, leaves an excess
at low energies that is not well-fit by a gaussian line (with
σ < 1 keV), but that is well-described by a black body.
3.4. Evolution of the spectrum in the second orbit
Applying the best fit model for the first orbit to the sec-
ond orbit, we find an increase in the black-body normal-
ization (Figure 2 left), implying a mean radius expansion
by a factor 2.36± 0.03. PRE usually occurs at the peak
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Fig. 2.— Model parameters of spectral fits as a function of time, t. Left: top panel shows the count rate from the Standard 1 data.
The first 128 s has the maximum time resolution of 1
8
s; for later times the time bins are as used in the spectral analysis. Other panels
show the best fit values of the parameters for the model that best fits the first orbit (Section 3.3). Each data point indicates its 1σ
uncertainty vertically as well as the width of the time interval horizontally. Where Eline is ill-constrained, we only indicate the value by
a diamond. Dotted lines indicate values from the pre-superburst orbit (Table 1). The normalizations of the model components, KX, have
units c s−1 cm−2 keV−1, with an optional prefactor indicated in the label. Right: best fit to the last 3 orbits with Kbb fixed to the mean
value from the first orbit (left panel) and with free Ecutoff (Section 3.4).
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of energetic bursts, not in the tail. Our model, there-
fore, most likely does not correctly describe the physical
behavior of the system (see Section 4.4 for alternative
explanations).
We take the mean value of the black-body normaliza-
tion from the first orbit, Kbb = 62.3 c s
−1 cm−2 keV−1,
and for fits to the subsequent orbits fix it to this number.
This does not provide a good fit, which suggests that
the shape of the cut-off power law component changes
from the pre-superburst value. Indeed, allowing Ecutoff
to vary produces reasonable fits: χ2ν = 1.6 on average in
the second orbit. When we allow Γ to vary instead, sim-
ilar improvements to the fits are obtained. One would
like to further improve the fits to optimize χ2. Allow-
ing one extra parameter from the black-body or power-
law model components to vary indeed produces χ2 values
that follow the ideal distribution. As mentioned previ-
ously, competition between these two components causes
large uncertainties in the fit parameters. We, therefore,
can use only a limited number of free parameters to fit
the continuum, and we cannot simultaneously constrain
both the black body normalization and the power law
shape.
During the superburst decay, Ecutoff is substantially
lower than measured in the pre-superburst orbit. At t =
7.2 × 103 s a minimum is reached of Ecutoff = 3.74 ±
0.03 keV (determined from the weighted mean of 4 bins
around the maximum; Figure 2 right). This is preceded
at t = 6.5× 103 s by a maximum in NH = (4.7 ± 0.2) ×
1022 cm−2.
If we apply the same fit to the first orbit, Ecutoff has a
somewhat larger value than pre-superburst. The uncer-
tainty in each data point, however, is relatively large, be-
cause around the superburst peak the spectrum is dom-
inated by the black body. Therefore, the fit here is not
strongly dependent on the precise value of Ecutoff . We
continue to use the best fit model from Section 3.3 in
orbit 1, and we employ the model with fixed Kbb and
free Ecutoff in the subsequent orbits.
The uncertainty in the line and edge parameters for
each data point is rather large. Eline is not well-
constrained in most of the time bins of the second orbits,
although Kline is constrained, because we restricted Eline
to an energy range that lies within the broad spectral fea-
ture around 7 keV. To illustrate the clear presence of this
feature, its shift in energy, and its reduction in amplitude
over time, we plot the fit residuals as a function of time
(Figure 3). For this, we use the two best fit models for
the first and subsequent orbits, respectively, without the
edge and line components.
3.5. Return to pre-superburst values in the third and
fourth orbits
The line is not detected and the edge is detected at
lower significance in the final two orbits of the super-
burst observation, even though we integrate our spectra
over 128 s. NH is reduced in orbit 3 compared to orbits 1
and 2. In the last orbit it is no longer constrained by the
data, similar to the fits of the pre-superburst data (Sec-
tion 3.1). Furthermore, the cut-off power law parameters
approach the persistent values.
3.6. Black-body and power-law flux
The classic fit yields a bolometric unabsorbed black
body fluence that is larger than the one from our “op-
timal” fits (Section 3.4) by a factor 1.72 ± 0.12 . For
the data gaps we perform linear interpolation, using the
mean of three data points on each side of the gaps. With-
out interpolation, the factor is 1.49± 0.10.
In the first orbit, the in-band flux is dominated by the
black body, whereas the power law dominates at later
times (Figure 4). Furthermore, only in the first orbit,
around the count rate peak, is the peak of the black body
distribution of counts within the observed energy range.
In the subsequent orbits the peak is at an energy that is
lower than the considered energies, and only the tail is
visible. The peak of the black body energy distribution
is always well within the considered energy range, such
that we capture most of the black body energy flux.
We obtain high values of NH for the neutral absorption
component of our spectral model. This suggests that a
substantial part of the black-body flux is absorbed. In
the 3 to 20 keV band the weighted mean of the fraction
of the black-body flux that is absorbed is 5.1% ± 0.9%,
13% ± 4%, and 5% ± 2% in orbits 1, 2, and 3, respec-
tively. The neutral absorber is, however, constrained by
only a few spectral bins at low energy. Detailed spectral
modeling of both an ionized absorber and the reflection
features may provide a better motivated description of
this part of the spectrum.
4. DISCUSSION
We have presented the results of our time resolved
spectral analysis of the RXTE PCA spectrum of the
2001 superburst from 4U1636-536. We find features in
the spectra of both the superburst and pre-superburst
emission that are suggestive of reflection off the accretion
disk. Furthermore, the persistent flux more than doubles
during the superburst, and returns to the pre-superburst
value in the tail.
4.1. Components of the persistent spectrum
We have analyzed the spectrum of the persistent flux
in the orbit directly prior to the superburst and in an
orbit after the superburst (Table 1). The flux in the
latter orbit is 4% larger, which may be due to the tail
of the superburst, but variations in the persistent flux
of this magnitude are common in 4U1636–536 on the
timescale of the RXTE orbit. Both spectra are well de-
scribed by an absorbed cut-off power law in combination
with a Gaussian emission line. This is consistent with
previous analyses of higher resolution spectra from ob-
servations with XMM-Newton and Suzaku (Pandel et al.
2008; Lyu et al. 2014). These spectra extend to lower
energies (∼ 0.5 keV), and discern two extra thermal com-
ponents, which are attributed to the inner accretion disk
and the neutron star surface. The latter possibly in-
cludes a contribution from a boundary layer, depend-
ing on where the accreted material dissipates its angu-
lar momentum as it approaches the neutron star surface.
The thermal components have temperatures kT . 1 keV,
such that their contribution to the flux in the PCA band
is negligible (Pandel et al. 2008; Lyu et al. 2014). The
cut-off power law component is thought to be produced
by Compton scattering off hot electrons in a corona. Ir-
radiation of the inner accretion disk by the corona and
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Fig. 3.— Fit residuals as a multiple of σ in all energy channels between 3 keV and 20 keV for all time intervals during the superburst. The
fitted model is our best fit model (Section 3.3 and 3.4). In the first orbit we have a fixed Ecutoff and free Kbb, whereas in the subsequent
orbits we fix the latter while allowing Ecutoff to vary. Data gaps are represented by areas of uniform color. A horizontal dotted line is
placed at 6.4keV
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Fig. 4.— Unabsorbed 3 to 20 keV fluxes, F , as a function of time, t. We show both the black-body flux from the classic fit (Section 3.2)
and the pre-superburst persistent flux (Section 3.1), as well as the results of simultaneous fits with the black body and cutoff power law
components. For the latter we employ the model with free Kbb and fixed Ecutoff in the first orbit, and vice versa in the later orbits.
the neutron star surface may produce a reflection spec-
trum, which includes an emission line (e.g., Miller 2007).
Our spectral model, therefore, qualitatively agrees with
the previous studies, and is quantitatively similar, keep-
ing in mind the time variability of the persistent flux
(e.g., Pandel et al. 2008). Lyu et al. (2014) identify cor-
relations between the different spectral components as a
function of the hardness of the source, but it may not be
correct to directly compare these to the behavior that we
observe during the superburst, as the processes that set
the state of the disk are different.
During the superburst the neutron star surface heats
up, and its thermal emission dominates the PCA spec-
trum at lower energies. The cut-off power-law flux in
the PCA band approximately doubles. If the black-body
flux from the inner accretion disk and the boundary layer
also double, then the black-body temperatures increase
by only 19%, or even less if the emitting area grows as
well. The contribution of these two thermal components
to the flux in the PCA band is, therefore, expected to re-
main small compared to the main black body component
during the superburst.
4.2. Reflection features
Flux reflected off the accretion disk can produce a re-
flection spectrum that includes a relativistically broad-
ened fluorescent Fe Kα emission line as well as a blend
of absorption edges (for a review see, e.g., Miller 2007).
Indeed, an emission line close to 6.4 keV is detected from
4U1636–536 (Pandel et al. 2008; Lyu et al. 2014). We
also find this feature in the pre-superburst spectrum, al-
though the edge is not detected, because the feature is
rather weak. Because outside of the burst the cut-off
power law dominates the flux, this line may be inter-
preted as reflection of the flux from the corona. The
line has a large width, which may in part be explained
by a blending of Fe lines from different ionization states
(Pandel et al. 2008).
During the superburst we need both an emission line
and an absorption edge to obtain satisfactory fits. A
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similar requirement was found for the 1999 superburst
from 4U1820–30 (Strohmayer & Brown 2002), and these
features were found to be well described by reflection
of the neutron star surface emission off the accretion
disk (Ballantyne & Strohmayer 2004). The line as ob-
served during the superburst is much stronger than if
it were to be produced by reflection of the brightened
cut-off power law, and is therefore predominantly pow-
ered by reflected burst emission from the neutron star
surface. Note that local spectral features have been de-
tected with the PCA in bright X-ray bursts that were
not well-fit with a reflection model, but are better de-
scribed by absorption edges thought to originate with
heavy element ashes mixed into the neutron star photo-
sphere (in ’t Zand & Weinberg 2010). Therefore, despite
the limited spectral resolution of the PCA, it is possible
to distinguish reflection features from absorption features
in the neutron star photosphere.
Comparing the line and edge parameters in the
first RXTE satellite orbit of the superbursts from
4U1820–30 and 4U1636–536, in both cases the line
and edge energies decrease somewhat during the burst,
and so do the line normalization and the edge depth
(Strohmayer & Brown 2002, this paper). For 4U1820–
30 it was argued that the receded inner disk returns in
the tail to smaller radii, increasing the gravitational red
shift (Ballantyne & Strohmayer 2004). Also, for that su-
perburst the reflection features are somewhat stronger,
which is consistent with the reflection of emission from a
brighter superburst.
In a future study we will further investigate these spec-
tral features using detailed reflection spectra, similar to
the study by Ballantyne & Strohmayer (2004).
4.3. Superburst increases persistent emission
Kpl in the first RXTE orbit is on average larger than
measured before the superburst by a factor 1.83 ± 0.03
(the fa factor in Worpel et al. 2013), and the cut-off
power-law flux increases with this factor as well. In the
superburst tail, the cut-off power-law flux smoothly re-
turns to the pre-superburst value. Worpel et al. (2013)
infer much larger increases for a selection of PRE bursts
observed with the PCA, including from 4U1636–536 (see
also in ’t Zand et al. 2013). This may be because the su-
perburst is less bright, as it does not reach the Eddington
limit.
The increase in the cut-off power-law flux has been
suggested to result from an increase in accretion due
to Poynting-Robertson drag (e.g., Walker 1992) induced
by the burst emission from the neutron star surface
(Worpel et al. 2013). Alternatively, the enhanced cut-off
power-law could be the result of an increase in seed pho-
tons for the Comptonization process (in ’t Zand et al.
2013). These seed photons would be produced by the
reprocessing in the accretion disk of the burst emission.
The reflection features may trace the irradiation of the
disk and, therefore, the reprocessed flux. The increase in
the normalization is, however, much larger for the Gaus-
sian line than for the cut-off power law. This may be
due to a difference in the efficiency for reflection and re-
processing. Detailed modeling of the reflection spectrum
can provide further insight.
Recent X-ray burst atmosphere spectral models pro-
vide a better physical description of the neutron star
photosphere, and they predict a hard comptonized tail
in addition to the black body (Suleimanov et al. 2011b).
This tail, however, is substantially weaker than the cut-
off power law component in our model. In fact, in the
presence of variable persistent emission, such as what we
find in the superburst, fits with the atmosphere model are
problematic (Suleimanov et al. 2011a). We have tested
the use of the atmosphere model as a substitute for the
black-body component, and we find that χ2 does not im-
prove. The increase in the cut-off power law is also too
strong to be explained by rotational Doppler broadening.
It is interesting that no variable persistent component
was required to describe the spectra of the 1999 super-
burst from 4U1820–30, for which similar data products
are available as for the superburst studied in this paper
(Strohmayer & Brown 2002; Ballantyne & Strohmayer
2004). That superburst was exceptionally bright and
it reached the Eddington limit (Strohmayer & Brown
2002; in ’t Zand & Weinberg 2010; Keek 2012). If the
enhanced cut-off power-law flux is due to Poynting-
Robertson drag induced accretion, the effect is expected
to be stronger for 4U 1820–30 than for 4U1636–536. Per-
haps the Eddington limited flux from the neutron star
during superexpansion as well as the long period of mod-
erate radius expansion prevent an increase in the accre-
tion rate (e.g., Ballantyne & Everett 2005). Both the oc-
currence of superexpansion, during which the flux drops
below the pre-superburst level, and of variability in the
tail (achromatic in the PCA-band; see Kuulkers 2004;
in ’t Zand et al. 2011) may be indications of mass out-
flow during the 4U1820–30 superburst. The 4U1636–536
superburst lacks both features.
4.4. Black-body emitting area and the power law cut-off
The PCA spectra constrain only a limited number
of parameters, and we must make assumptions about
the rest. The assumption of a fixed shape of the cut-
off power law produces in the second RXTE orbit fits
where Kbb increases by as much as a factor 6.7 (Fig-
ure 2). Kbb is proportional to the black-body emit-
ting area, and the increase implies radius expansion,
which is not expected to take place in the decay phase
of the superburst light curve. Also, the count rate
does not exhibit a dip, which is characteristic for PRE
(Grindlay et al. 1980; Tawara et al. 1984; Lewin et al.
1984). Furthermore, PRE is typically observed for
bursts from 4U1636–536 with peak black-body fluxes
in excess of 5 × 10−8 erg s−1 cm−2 (in the PCA band;
Galloway et al. 2008), whereas the superburst does not
reach that flux (Figure 4).
Similar increases in Kbb have been measured in the
tails of a number of PRE bursts from 4U1636–536, and
are suggested to originate from the deviation of the neu-
tron star’s photospheric spectrum from a black body
(Güver et al. 2012; Zhang et al. 2013, both studies as-
sume the persistent flux is constant). Suleimanov et al.
(2011b) predict correction factors to Kbb that span a
range of approximately a factor 8 as a function of flux.
As the superburst peak does not reach the Eddington
limit, however, only a smaller range of a factor ∼ 1.5
is applicable. This can only explain a small part of
the increase in Kbb. Alternatively, variations in Kbb
between bursts have been attributed to different cover-
ing factors of the neutron star by the disk, depending
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on its ionization state or on the geometry of the disk
and boundary layer (e.g., Suleimanov et al. 2011a). So-
called anisotropy factors of up to 2 have been predicted
(Fujimoto 1988), which falls short of the increase that we
observe.
We measure the black-body normalization in the first
RXTE orbit as Kbb = 62.3± 0.4 c s
−1 cm−2 keV−1. At a
distance of 6 kpc (e.g., Galloway et al. 2008), this corre-
sponds to a black-body radius of 4.736 ± 0.009 km (not
taking into account the uncertainty in the distance). The
values of Kbb measured for short non-PRE bursts from
4U 1636–536 that are observed with the PCA span a
broad range, and the superburst value is at the lower
end of the distribution (Galloway et al. 2008, assuming
a constant persistent flux). In our analysis with a fixed
persistent flux, Kbb was 25% larger compared to fits with
a free normalization of the persistent flux. The increased
values of the normalization that we obtain in fits where
we keep Ecutoff fixed, span the range of Kbb of the short
bursts. As shown by Worpel et al. (2013) for the case of
PRE bursts, short X-ray bursts as well have an enhanced
persistent flux. The assumption of a constant flux leads,
therefore, to the over-prediction of the black body flux,
which may be expressed by an increased normalization.
We, therefore, regard it as unlikely that the increased
black-body emitting area is physical. The limited data
quality does not allow us to simultaneously constrain
more parameters of the spectral components. We choose
to fix Kbb for the final three RXTE orbits, and allow the
shape of the cut-off power law to change through Ecutoff .
The χ2 values, however, suggest that the fits are not op-
timal and the changes to the shape of the spectrum re-
quire additional parameters. Nevertheless, the trends in
the parameter values appear to evolve smoothly between
the first RXTE orbit and the subsequent orbits.
Ecutoff is substantially reduced with respect to the pre-
superburst value, and reaches a minimum around t =
7 × 103 s, coinciding with a maximum in NH. This may
correspond to a viscous timescale on which the accretion
disk responds to the effects of the superburst. After this
time, Ecutoff increases towards the pre-superburst value.
A similar change in the high energy tail of the spectrum
has been noted for short bursts, where the decrease of the
count rate above 30 keV has been linked to the cooling of
the corona in response to the burst (e.g., Ji et al. 2014).
4.5. Strong local absorber
We find a strong enhancement of the photoelectric ab-
sorption to improve the fits: NH is larger by an order of
magnitude during the superburst compared to the per-
sistent emission. The absorption component is typically
used to describe interstellar absorption, but this enhance-
ment indicates the majority of the absorption during the
superburst is local to the binary. A local ionized absorber
may provide a more physically motivated spectral model.
Furthermore, NH is only constrained by a few spectral
bins at low energy. One must, therefore, use caution in
interpreting our fit values for this parameter.
A similar increase in NH was observed for the 1999
superburst from 4U1820–30 (Ballantyne & Strohmayer
2004). For that superburst it was speculated that the ab-
sorption was produced by material ejected from the neu-
tron star atmosphere during the PRE phase. 4U 1636–
536’s superburst, however, does not exhibit PRE. Al-
TABLE 2
Burst properties: classical spectral fit vs optimal fit
Spectral model: Classical a Optimal b
tpeak(s)
c 928 864
Fpeak (10
−8erg s−1) 2.421 ± 0.005 2.19± 0.06
kTpeak (keV) 2.278 ± 0.004 2.386 ± 0.012
Kbb,peak (c s
−1 cm−2 keV−1) 92.0 ± 0.6 69 ± 3
Fluence (10−4erg) 1.458 ± 0.006 1.10± 0.09
a Section 3.2. Note: uncertainties in parameters do not include a
correction for the high χ2 in this fit.
b Section 3.4
c The parameters are for the black body in the 3 to 20 keV range
at the time of maximal flux, tpeak: unabsorbed flux , Fpeak;
temperature, kTpeak; normalization, Kbb,peak. The 3 to 20 keV
unabsorbed black-body fluence includes linear interpolation over
the data gaps.
ternatively, the absorbing material may originate from
a disk wind driven by the superburst emission from the
neutron star.
4.6. Flux enhancement prior to the superburst
At the start of the first RXTE orbit of the superburst,
a plateau is visible where the flux is larger by a factor
1.46 ± 0.03 than in the previous orbit. The spectrum
of the plateau is not well-fit by the persistent model
(Section 3.1). A broad excess remains at lower energies,
which is well described by a black body with an effective
area that is consistent with the value measured near the
superburst peak (Figure 2). This suggests that the neu-
tron star surface has heated up prior to the superburst.
This is puzzling, because the precursor burst at t = 80 s
is thought to be instigated by a shock within a second
after the thermonuclear runaway (Weinberg & Bildsten
2007; Keek & Heger 2011). Perhaps it is related to an
event that escaped detection because of the prior data
gap. In two cases a short Type I burst has been ob-
served within 30 minutes of the superburst onset, and
at both times the flux remained at a somewhat higher
value until the superburst rise (Kuulkers et al. 2002b;
Chenevez et al. 2011). Because of the small number of
occurrences it is, however, not excluded that these short
bursts merely happened by chance, and are unrelated to
the superburst ignition.
4.7. Comparison of analyses and superbursts
Our results from the classical fit with a fixed persistent
flux are consistent with the preliminary analysis reported
by Kuulkers et al. (2004) as well as the analysis of the
ASM data of the superburst (Wijnands 2001). Our “op-
timal” spectral model with variable persistent flux yields
substantial contributions to the flux from both the black
body and the cut-off power law. We use the black-body
flux to measure the emission from the neutron star sur-
face due to thermonuclear burning. For the reasons ex-
plained in Section 4.1, we do not expect a large contribu-
tion from a boundary layer to the black body, especially
near the superburst peak. The enhancement of the cut-
off power law suggests that it is powered by the star’s
surface emission. This, however, must be black-body ra-
diation that was not in our direct line of sight, and that
is accounted for if we use only the black body and as-
sume isotropic emission (see also Kuulkers et al. 2002a
for a discussion on decoupling burst and persistent flux).
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Using the optimal spectral model gives different results
for some superburst properties compared to the classical
fit (Table 2). The peak times are consistent: tpeak is
different by only one time bin of the spectra. The peak
black-body temperature differs by 10%. The peak flux
is lower in our optimal model, because a smaller part
of the flux is attributed to the black-body component.
This, combined with the higher temperature, leads to a
lower black-body normalization. The largest difference
is, therefore, apparent in the measured black-body nor-
malization.
Comparison of the classical fit to other superbursts,
characterizes this superburst as “typical” (e.g., Kuulkers
2004; Keek & in ’t Zand 2008). The increase of the per-
sistent flux and its effect on the derived burst proper-
ties, may play a role in other superbursts as well, al-
though usually the data is of insufficient quality to de-
termine this. If the superburst fluence is smaller than
previously derived, the inferred energy content of the
fuel is lower. Using our values of the fluence (Ta-
ble 2), this means that the amount of carbon or of
heavy rp-process ashes (targets for photodisintegration;
Schatz et al. 2003) in the neutron star ocean is lower by
25% ± 2% (Cumming & Bildsten 2001; Cumming et al.
2006). As it has been challenging to explain the pro-
duction of enough carbon to power superbursts (e.g.,
Woosley et al. 2004), this reduction alleviates the prob-
lem, although it does not completely solve it. In a forth-
coming paper we will investigate the consequences using
numerical models of the nuclear burning in the neutron
star envelope.
5. CONCLUSIONS
Detailed time resolved spectral analysis of the 2001 su-
perburst from 4U1636-536 reveals an emission line and
absorption edge suggestive of reflection of the superburst
off the accretion disk. This is only the second superburst
for which this has been observed, and shows that typical
non-PRE superbursts also are powerful enough to pro-
duce these features. Furthermore, we find an increase
in the persistent flux during the burst. We observe the
shape of the non-thermal component of the spectrum to
change under influence of the superburst, and return to
the pre-superburst state in the burst tail. The increase
in the persistent flux may suggest that previous measure-
ments overestimate the energetics of superbursts. This
has consequences for the inference of the composition of
the neutron star ocean that is the fuel for superbursts. In
forthcoming papers we will discuss how this changes our
understanding of nuclear burning in the envelope, and
we will employ detailed models to study the reflection
spectrum.
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